According to CNT, 1-4 the homogeneous ice nucleation rate at which critical nuclei appear within a supercooled liquid can be expressed by [1] [2] [3] [4] [5] [6] [7] = 0 exp (− ∆ * ), where J0 is the temperature-dependent pre-exponential factor, and ∆ * is the Gibbs free energy barrier to form a critical nucleus from the liquid. Assuming that the molecular jump across the solid-liquid interface can be modeled based on viscous flow in the liquid, 8 we follow Chusak and Bartell 6 and represent the pre-exponential factor by
where sl is the solid-liquid water interfacial free energy, is the Boltzmann constant, is the liquid water diffusivity, and ms is the ice molecular volume. The liquid diffusivity can be represented by = 0 exp (− ), where 0 is the pre-exponential factor, and is the activation energy for diffusion in the liquid. We assume D is temperature dependent. In the CNT formalism, also represents the activation energy (∆ * ) for water molecules to jump across the solid-liquid interface. 9 Thus, there are two barriers to ice nucleation where ∆ * describes the thermodynamic barrier while ∆ * represents the kinetic barrier. Also within CNT, the thermodynamic barrier is given by 3 ∆ * = 16 3 2 3(∆ sl ) 2 , where ∆ sl is the difference in chemical potential between the solid and liquid phases evaluated at the pressure and temperature of the liquid phase. Thus ∆ sl can be evaluated from 3 ∆ sl = ∆ sl,0 + ∆ sl, , where ∆ sl,0 is calculated at a reference pressure and ∆ sl, accounts for the chemical potential difference at the reference pressure and the liquid pressure. We calculated ∆ sl,0 by using ∆ sl,0 = − ( e,l / e,s ) where e,l and e,s are the equilibrium vapor pressures of the liquid and crystalline solid phases, respectively. The ∆ sl, can be approximated by 3 ∆ sl, = ( l − e,s ) ms − ( l − e,l ) ml ( l )+ ml ( e,l ) 2 , where ml ( l ) and ml ( e,l ) are the molecular volumes of liquid water at pressure l and e,l , respectively. However, the ∆ sl, is negligible relative to the ∆ sl,0 for droplets larger than roughly one m in diameter because the internal pressure due to the Young-Laplace effect is relatively small. 3 Finally, we assume ice to nucleate as cubic ice following the results of several authors. 7, 10, 11 Crystallization time may represent nucleation and growth at lowest temperature of ~227 K With an estimated critical ice nucleus diameter of ~2.5 nm and a growth rate of ~1  10 8 nm/s at ~232 K (the growth rate lower limit in our analysis assuming the observed growth rate of ~3  10 8 nm/s at 238 K 12 scales with the decrease in diffusivity as temperature decreases), it takes ~2 s for the ice nucleus to grow to a distinguishable size and ~435s to completely freeze the 12 m droplet. Both are much faster than ~8,500 s, which is the estimated time to form a new nucleus within the droplet (approximated by 1/JVdrop, where J~10 11 cm -3 s -1 at ~232 K). At the lowest temperature of ~227 K and an estimated growth rate of ~5  10 5 nm/s, the time for the ice nucleus to grow to a distinguishable size (~486 s) is slightly longer than the time to form a new ice nucleus (~405 s, with J~10 13 cm -3 s -1 at ~227 K). At this temperature, however, complete crystallization of the droplet requires much longer times (~10 5 s) than to form another nucleus. Thus, we note that the crystallization times may represent a combination of nucleation and growth at the lowest temperature of ~227 K.
Nucleation rate sensitivity to increased pressure according to CNT. Recently, a pressure-dependent CNT has been formulated to include the pressure dependence in the form of chemical potential differences that primarily alter the overall thermodynamic barrier to nucleation (∆ * ). 3 In this formulation, an increase in pressure decreases the nucleation rate ( Fig. S1 ) due to higher ∆ * at higher pressure (Fig. S2 ). For example, increasing the pressure from 0.1 MPa (black solid line in Fig. S1 ) to 50 MPa (gray solid line in Fig. S1 ), equivalent to reducing droplet diameter from a few micrometers to a few nanometers, decreases the nucleation rate significantly at temperatures above 200 K. This is because the pressure contribution to the thermodynamic energy barrier (∆ * ) (assuming ∆ sl = ∆ sl, , see Experimental Section) is significant at 50 MPa (gray solid line with plus symbol in Fig. S2 ) and contributes up to ~17% of ∆ * (gray solid line in Fig. S2 ) at higher temperature, but the ∆ * is negligible below 200 K. In contrast ∆ * at 0.1 MPa (black solid line with plus symbol in Fig. S2 ) is negligible over the same temperature range. However, this analysis ignores the pressure effect on liquid diffusivity (D). The D may affect the nucleation rate significantly within the "no-man's land" by altering the kinetic barrier to nucleation (∆ * ). When a CNT analysis is performed to include the effect of pressure on the D alone, a pressure increase of 50 MPa increases the nucleation rate at lower temperature (compare gray solid line versus gray dashed line in Fig. S1 ). This is due to a significant decrease in the ∆ * at lower temperature (compare black solid line against gray dashed line in Fig S3) . In this illustration, we assumed that an extrapolation of the DVFT fitted to D data above TH 13 describes the D within "no-man's land". Figure S4 shows that the DVFT at 50 MPa (black solid line) decreases more rapidly than the DVFT at 0.1 MPa (gray dashed line) with decreasing temperature. When the pressure dependence of both barriers are accounted for, the pressure increase lowers the nucleation rate at temperatures above 220 K, but increases the nucleation rate at temperatures below 220 K (compare black solid line to gray dashed line in Fig. S1 ). Thus, the pressure effect on both ∆ * and ∆ * needs to be considered when comparing ice nucleation rate results from various experiments over a wide range of temperatures and pressures, particularly below 235 K. Tabulated experimental data and calculated ice nucleation rates. Table S1 . A summary of experimental data collected as microdroplets evaporatively cool and freeze in vacuum. The distance represents distance between the nozzle exit and the interaction region where X-rays hit the droplet. The droplet diameters and speeds were adjusted to best fit experimentally determined droplet parameters from optical droplet measurements, volumetric liquid flow rates of the droplets, and droplet generation frequency. 14 The temperatures and their uncertainties are estimated from the Knudsen theory of evaporative cooling with a calibration made by comparing the liquid water wideangle scattering signal in this experiment against larger droplets evaporating in vacuum and against synchrotron measurements of water in a cooling cell. 14 The ice fraction (fice) represents the fraction of ice-containing shots at a particular distance with uncertainty that corresponds to the standard deviation of individual recordings collected at each distance and include variations in the hit rate and droplet trajectory jitter. Distance Liquid isothermal compressibility (Pa DVFT,50MPa 13 *We follow Jenniskens and Blake 18 to estimate the "fragile" liquid nucleation rate from CNT. However, here we used diffusivity in the CNT formulation. ** The diffusivity is estimated from viscosity using Stokes-Einstein relationship. We follow Jenniskens and Blake 18 to describe the viscosity over a wide range of temperature using VFT law.
